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METHOD FOR TWO-STAGE COMBUSTION
UTILIZING FORCED INTERNAL
RECIRCULATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a process and apparatus for
two-stage combustion of fossil fuels, in particular, natu-
ral gas, which provides controllable combustion inten-
sity, increased heat release, high combustion efficiency
and low pollutant emissions. The process and apparatus
of this invention are particularly suited to combustion
chambers having a non-circular cross-section such as
absorption chillers, process heaters, heat treating fur-
naces and other related equipment, as well as combus-
tion chambers having a circular cross-section such as
firetube boilers, indirect fired furnaces using radiant
tubes and other related equipment.

2. Description of Prior Art

Conventional combustion of fossil fuels produces
elevated temperatures which promote complex chemi-
cal reactions between oxygen and nitrogen, forming
various oxides of nitrogen as by-products of the com-
bustion process. These oxides, containing nitrogen in
different oxidation states, generally are grouped to-
gether under the single designation of NO,. Concern
over the role of NOx and other combustion by-pro-
ducts, such as sulfur oxides (SOx), carbon monoxide
(CO), total hydrocarbons (THC) and carbon dioxide
(CO3), in “acid rain” and other environmental problems
Is generating considerable interest in reducing the for-
mation of these environmentally harmful by-products of
combustion.

Natural gas is a low emission, high efficiency fuel 35
which can help reduce these emissions. As a result,
numerous ultra-low emission, natural gas-fired combus-
tion systems are under development.

Known methods of combustion for reducing NO,
emissions from combustion processes include flue gas 40
recirculation and staged combustion. U.S. Pat. No.
4,004,875 teaches a low NOy burner for combustion of
liquid and gaseous fuels in which the combustion area is
divided into at least two stages and combustion prod-
ucts are recirculated, cooled and reintroduced into the 45
primary combustion zone, resulting in a reduction of
NOx emissions. The secondary combustion air is intro-
duced 1nto a secondary combustion zone downstream
of the primary combustion zone in an amount sufficient
to complete combustion therein. Fuel and primary com-
bustion air are introduced into a primary combustion
zone formed by a burner tile which provides a high
temperature environment for the fuel and air mixture to
promote combustion. Except for the opening into the
secondary combustion zone, the tile is completely sur-
rounded by a steel enclosure forming an annular space
around the tile. Thus, as fuel and air are injected into the
primary combustion zone, part of the partially com-
busted fuel and air is recirculated around the outside of
the tile in the annular space between the tile and the 60
steel enclosure and back into the upstream end of the
primary combustion zone. It is known that, in addition
to limiting the oxygen available in a combustion process
for formation of NOy emissions, NO, emissions may also
be controlled by maintaining the temperature in the 65
combustion zone below the temperature required for
formation of significant NO,, about 2600° F. Although
the 875 patent teaches recirculation of cooled partial
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combustion products from the downstream end of the
primary combustion zone to the upstream end of the
primary combustion zone, any heat removed from the
primary combustion zone as a result of cooling and
recirculating the partial combustion products is reintro-
duced mto the secondary combustion zone, resulting in
no net heat removal from the combustion process.
Thus, while the burner taught by the ’875 patent con-
tains certain requisites for reducing NO, emissions,
most notably flue gas recirculation and staged combus-
tion, provisions for maintaining the temperatures in the
primary and secondary combustion zones below the
temperature required for formation of NQ, in the com-
bustion process are absent.

U.S. Pat. No. 4,629,413 teaches a low NO, burner
utilizing staged combustion in which a mixture of pri-
mary combustion air and fuel are introduced into a
primary combustion chamber and secondary combus-
tion air is introduced into the combustion chamber in a
manner such that the mixing of the secondary combus-
tion air with the flame generated by the mixture of fuel
and primary combustion air is delayed. To further in-
hibit the formation of NOy emissions, cooled flue gases
are recirculated within the combustion chamber into
the fuel-rich combustion zone at the base of the flame,
that is, the upstream end of the primary combustion
Zone.

U.S. Pat. No. 5,044,932 also teaches a process and
apparatus for reducing the NOyx content of flue gas
effluent from a furnace in which cooled flue gases are
internally recirculated from the downstream end of the
combustion chamber into the upstream end of the com-
bustion chamber where it undergoes reaction with the
flame generated by the fuel and air introduced into the
upstream end of the combustion chamber. Flue gas
recirculation for mixing with primary combustion air
and fuel prior to initiation of combustion is taught by
U.S. Pat. No. 5,092,761. Finally, U.S. Pat. Nos.
3,097,686, 4,445,842, 3,760,776, 4,699,071, 4,659,305,
and 4,656,972 generally teach the concept of flue gas
recirculation from the exhaust stack of a furnace system
back to the burner by means external to the combustion
chamber.

A combustion process producing low NO, emissions
utilizing staged combustion is taught by U.S. Pat. No.
4,007,001 in which 0-65% of the total air required for
combustion is introduced into a primary combustion
zone and 5-25% of the total air required for combustion
is provided to a secondary combustion zone. Both U.S.
Pat. Nos. 4,021,188 and 3,837,788 teach staged combus-
tion with less than a stoichiometric amount of air in the
primary combustion chamber with additional air being
added to the secondary combustion chamber for com-
pletion of combustion.

U.S. Pat. No. 4,575,332 teaches staged combustion in
a swirl combustor with forced annular recycle of flue
gases to the upstream end of the primary combustion
zone, and U.S. Pat. No. 4,395,223 teaches staged com-
bustion with excess air introduced into the primary
combustion zone with additional fuel being introduced
into the secondary combustion zone.

As previously stated, temperature in the primary and
secondary combustion zones of a combustion chamber
is a critical parameter by which NO, emissions from a
combustion process can be controlled. By providing
less than the stoichiometric requirement of combustion
arr to the primary combustion zone as taught by the
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prior art, temperatures within the primary combustion
zone are substantially below the temperatures of a pri-
mary combustion zone into which a stoichiometric, or
more than a stoichiometric, requirement of air is intro-
duced. However, the heat generated in the primary
combustion zone in accordance with known combus-
tion processes is conveyed into the secondary combus-
tion zone into which secondary combustion air required
for completing combustion of the fuel is introduced.
Thus, the net heat within the combustion chamber re-
mains unchanged.

SUMMARY OF THE INVENTION

Accordingly, it is an object of this invention to pro-
vide a combustion process which produces low pollut-
ant emissions, in particular, low NOy, carbon monoxide,
and total hydrocarbons in the exhaust gases.

It 1s another object of this invention to provide a
combustion process utilizing air staging in which com-
bustion is carried out in two stages.

It 1s yet another object of this invention to provide a
process and apparatus for staged combustion in which
net heat produced by the combustion process is reduced
by removal of heat from the combustion process in the
first stage of the process.

These and other objects of this invention are
achieved by a method for two-stage combustion in
accordance with one embodiment of this invention in
which a mixture of fuel and primary combustion air are
burned in a primary combustion zone, the primary com-
bustion air comprising less than a stoichiometric re-
quirement for complete combustion of the fuel, thereby
forming incomplete products of combustion or partial
combustion products. In accordance with one embodi-
ment of this invention, the fuel and primary combustion
air are premixed before being introduced into the pri-
mary combustion zone. In accordance with another
embodiment of this invention, the fuel and primary
combustion air are introduced separately into the pri-
mary combustion zone in which the fuel and primary
combustion air form a mixture for burning. To maintain
the temperature in the primary and secondary combus-
tion zones below the temperature required for forma-
tion of significant amounts of NOy, a portion of the heat
generated in the primary combustion zone is removed
from the primary combustion zone resulting in cooling
of the partial combustion products. A portion of the
cooled partial combustion products is recirculated from
a downstream end of the primary combustion zone to
the upstream end of the primary combustion zone. Sec-
ondary combustion air, preferably in an amount less
than the amount of primary combustion air, is intro-
duced 1nto the secondary combustion zone downstream
of the primary combustion zone, thereby completing
combustion of the partial combustion products. To
further maintain temperatures within the secondary
combustion zone below the level required for formation
of significant amounts of NO,, a portion of the heat
therein is removed.

A critical feature of the process of this invention is
the removal of heat from the combustion zone in order
to control temperatures within the primary and second-
ary combustion zones. It is also a critical feature of this
invention that the heat removed from the primary com-
bustion zone is not reintroduced into the combustion
process.

In accordance with one embodiment of this inven-
tion, a diluent selected from the group consisting of
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recirculated flue gases, steam, water, nitrogen and mix-
tures thereof is introduced into the primary combustion
zone, either separately or mixed with the primary com-
bustion air, as shown in FIG. 1, to further reduce tem-
peratures within the primary and secondary combustion
zones. In accordance with yet another embodiment,
said diluent is introduced into said secondary combus-
tion zone, either separately or mixed with secondary
combustion air as shown in FIG. 1. In accordance with
still another embodiment of this invention, said diluent
is introduced into both the primary and secondary com-
bustion zones.

An apparatus for two-stage combustion in accor-
dance with this invention comprises a combustion
chamber side wall connected to a combustion chamber
end wall which combustion chamber walls enclose a
combustion chamber. The combustion chamber com-
prises a primary combustion zone and a secondary com-
bustion zone, the secondary combustion zone being
disposed downstream of the primary combustion zone.
The apparatus further comprises means for introducing
a mixture of fuel and primary combustion air into the
primary combustion zone; means for removing heat
from the primary combustion zone; recirculation means
for recirculating a portion of the cooled partial combus-
tion products generated in the primary combustion zone
from a downstream end of the primary combustion zone
to an upstream end of the primary combustion zone;
means for introducing secondary combustion air into
the secondary combustion zone; and means for remov-
ing a portion of the heat from the secondary combustion
zone. With respect to the removal of heat from the
primary combustion zone, it is a critical feature of the
apparatus that a substantial portion of the heat so re-
moved 1s not reintroduced into the combustion process
within the apparatus.

The apparatus for two-stage combustion in accor-
dance with one embodiment of this invention further
comprises means for introducing a diluent into at least
one of said primary combustion zone and said second-
ary combustion zone.

The apparatus for two-stage combustion in accor-
dance with this invention is particularly suitable for use
in absorption chillers, process heaters, water heaters,
watertube boilers and firetube boilers. A firetube boiler
in accordance with one embodiment of this invention
comprises a boiler wall having an opening, a firetube on
the interior of the boiler secured to the boiler wall
around the periphery of the opening, means for intro-
ducing a mixture of fuel and primary combustion air
into a primary combustion zone formed by the firetube,
means for introducing secondary combustion air into a
secondary combustion zone formed by the firetube
downstream of the primary combustion zone, means for
removing heat from the primary combustion zone and
cooling partial combustion products in the primary
combustion zone, recirculation means for recirculating
a portion of the cooled partial combustion products
from a downstream end of the primary combustion zone
to an upstream end of the primary combustion zone
disposed within the firetube, and means for removing
heat from the secondary combustion zone.

BRIEF DESCRIPTION OF DRAWINGS

These and other features of this invention will be
better understood from the following detailed descrip-
tion taken in conjunction with the drawings, wherein:
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FIG. 1 1s a partial cross-sectional side view of a two-
stage combustion apparatus in accordance with one
embodiment of this invention;

FIG. 2 is a partial cross-sectional side view of a two-
stage combustion apparatus in accordance with another
embodiment of this invention:

FIG. 3 1s a partial cross-sectional side view of a two-
stage combustion apparatus in accordance with another
embodiment of this invention: and

FIG. 4 1s a partial cross-sectional side view of a two-
stage combustion apparatus in accordance with yet
another embodiment of this invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The method for two-stage combustion in accordance
with one embodiment of this invention comprises the
steps of introducing a fuel, preferably natural gas, and
primary combustion air into the primary combustion
zone of a combustion chamber and burning the mixture
therein. It will be apparent to those skilled in the art that
air, oxygen and oxygen-enriched air are suitable for use
in combustion of a fuel. Accordingly, as used in the
specification and claims, the term “combustion air
means air, oxygen or oxygen-enriched air. The amount
of primary combustion air provided for combustion of
the fuel comprises less than the stoichiometric require-
ment for complete combustion of the fuel, preferably
between about 0.7 and 0.99, resulting in incomplete
combustion of the fuel in the primary combustion zone
and the formation of partial combustion products. In
accordance with one embodiment of the method of this
invention, the stoichiometric ratio in the primary com-
bustion zone is reduced below 0.7 by at least partial
catalytic combustion of the mixture of fuel and primary
combustion air in the primary combustion zone. As the
stoichiometric ratio in the primary combustion zone is
reduced, it 1s known that stabilization of the flame re-
sulting from combustion of said mixture becomes a
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problem. By utilizing catalytic combustion of at least a 40

portion of the mixture, stabilization of the flame within
the primary combustion zone can be greatly enhanced.
In addition, application of catalytic combustion within
the secondary combustion zone further stabilizes and

enhances combustion. It will be apparent to those 45

skilled in the art that other means for stabilizing the
flame within the primary combustion zone are also
available. To complete combustion of the fuel, second-
ary combustion air is introduced into a secondary com-
bustion zone downstream of the primary combustion
zone, the amount of secondary air introduced into the
secondary combustion zone preferably being less than
the amount of primary combustion air in the primary
combustion zone.

An essential step in the method for two-stage com-
bustion in accordance with one embodiment of this
Invention is the removal of a portion of the heat gener-
ated by the combustion of fuel and primary combustion
air from the primary combustion zone in a manner such
that a substantial portion of the heat thus removed is not
reintroduced into a later stage of the combustion pro-
cess. The amount of heat removed from the primary
combustion zone is between about 10% and about 50%
of the total heat input to the apparatus and preferably
between about 15% to about 30% of the total heat
input. As a result of removal of a portion of the heat
from the primary combustion zone, the partial combus-
tion products therein are cooled. A portion of the
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cooled partial combustion products are recirculated
from a downstream end of the primary combustion zone
to an upstream end of the primary combustion zone.
The effect of removing heat from the primary combus-
tion zone and recirculating cooled partial combustion
products from the downstream end of the primary com-
bustion zone to the upstream end of the primary com-
bustion zone is to reduce the temperature within the
primary and secondary combustion zones below the
temperature required for significant formation of NO,,
approximately 2600° F., and reduce the relative concen-
tration of oxygen and nitrogen in the primary combus-
tion zone, further inhibiting the formation of NQO,
therein. To further maintain the temperature in the
secondary combustion zone below the temperature
required for formation of NO, a portion of the heat
therein may also be removed.

FIG. 1 shows an exemplary apparatus for two-stage
combustion in accordance with the method of this in-
vention. Combustor 10 comprises firetube 11 secured to
boiler wall 12. Combustion chamber side wall 19 is
disposed inside firetube 11 and parallel to the walls of
firetube 11. Combustion chamber side wall 19 is con-
nected at one end to end wall 14, combustion chamber
side wall 19 and end wall 14 enclosing a combustion
chamber. Combustion chamber side wall 19 is disposed
at a distance from firetube 11 forming secondary air
annulus 20 between combustion chamber side wall 19
and firetube 11. Combustion chamber side wall 19 ex-
tends 1n a longitudinal direction into firetube 11 suffi-
ciently to enable secondary combustion air to be intro-
duced through secondary air annulus 20 into secondary

combustion zone 21 disposed downstream of primary
combustion zone 22. Sealing off the open end of firetube

11 connected to boiler wall 12 is plenum chamber wall
18 disposed at a distance from end wall 14 and forming
secondary air plenum 17 between end wall 14 and ple-
num chamber wall 18. Secondary air plenum 17 is in
communication with secondary air annulus 20. To pro-
vide a mixture of fuel and primary combustion air into
primary combustion zone 22, combustor 16 comprises
fuel and primary air nozzle 13 which extends axially
through plenum chamber wall 18 and end wall 14 into
primary combustion zone 22.

To recirculate a portion of the partial combustion
products in primary combustion zone 22 from the
downstream end of primary combustion zone 22 to the
upstream end of primary combustion zone 22 as de-
noted by arrows 23, combustor 10 further comprises
recirculation wall 15, preferably in the shape of a hol-
low cylinder, disposed in primary combustion zone 22
parallel to and at a distance from combustion chamber
side wall 19, thereby forming recirculation annulus 16
between combustion chamber side wall 19 and recircu-
lation wall 15. As a result of negative pressure gener-
ated at the upstream end of primary combustion zone 22
by the kinetic energy provided by the introduction of
the fuel/air mixture through fuel and primary air nozzle
13, a portion of the partial combustion products exiting
the downstream end of primary combustion zone 22 are
recirculated through recirculation annulus 16 and rein-
troduced through the upstream end of primary combus-
tion zone 22 into primary combustion zone 22.

To remove heat from the primary combustion zone
and, thus, cool the partial combustion products, firetube
11 is surrounded by a cooling medium such as water
which is heated by heat flowing from the interior of
primary combustion zone 22 through firetube wall 11.
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FIG. 2 shows an apparatus for staged combustion in
accordance with another embodiment of this invention.
In accordance with this embodiment, combustor 30
comprises firetube 11 secured to boiler wall 12 and
closed off proximate boiler wall 12 by end wall 24,
firetube 11 and end wall 24 forming combustion cham-
ber 31 comprising primary combustion zone 32 proxi-
mate end wall 24 and secondary combustion zone 33
disposed downstream of primary combustion zone 32.
Combustor 30 further comprises means for introducing
a mixture of fuel and primary combustion air into pri-
mary combustion zone 32 in the form of plenum wall 34
secured to end wall 24 and forming plenum 29 upstream
of end wall 24. End wall 24 forms a centrally disposed
opening 38 through which secondary air nozzle 26
extends into secondary combustion zone 33. Nozzle tip
27 of secondary air nozzle 26 forms openings 28
through which secondary combustion air is introduced
into secondary combustion zone 33. It will be apparent
to those skilled in the art that although openings 28 are
shown as being radially disposed, thereby resulting in
radial injection of said secondary combustion air, said
secondary combustion air may be tangentially or axially
introduced into said secondary combustion zone
through suitably disposed openings in nozzle tip 27.

It will also be apparent to those skilled in the art that
although the apparatus shown in FIG. 2 is for a firetube
boiler, other embodiments, such as for fluid heaters,
process heaters, watertube boilers and the like, are pos-
sible where the combustion chamber side wall is in a
form other than a firetube.

End wall 24 further forms openings 36, 37 at a dis-
tance from centrally disposed opening 38 through
which fuel and primary combustion air in plenum 29
pass mto primary combustion zone 32 as denoted by
arrows 3J.

As shown in FIG. 2, combustor 30 further comprises
recirculation wall 25 disposed in primary combustion
zone 32 at a distance from end wall 24 and surrounding
secondary air nozzle 26 at a distance from secondary air
nozzle 26, forming annulus 39 between recirculation
wall 25 and secondary air nozzle 26. As in the embodi-
ment of the apparatus of this invention shown in FIG. 1,
heat is removed from the primary combustion zone by
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a heat transfer medium disposed around the exterior of 45

firetube 11 in heat exchange contact therewith.

The apparatus for staged combustion in accordance
with another embodiment of this invention comprises
means for stabilizing the flame resulting from combus-
tion of the fuel and primary combustion air in the pri-
mary combustion zone. Such flame stabilization means
permit operation of the apparatus at stoichiometric
ratios in the primary combustion zone as low as 0.5.
Such stabilization means also enable the use of higher
jet velocities through, for example, openings 36, 37
thereby increasing recirculation of cooled partial com-
bustion products from the downstream end to the up-
stream end of the primary combustion zone and further
reducing NOx.

In accordance with one embodiment of this inven-
tion, said flame stabilization means comprise a combus-
tion catalyst disposed within said apparatus, for exam-
ple, applied to the inner surfaces of openings 36, 37
through end wall 24. It will be apparent to those skilled
in the art that the combustion catalyst may be initially
disposed at numerous locations within the apparatus.

FIG. 3 shows yet another embodiment of the appara-
tus of this invention. In accordance with this embodi-
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ment of the invention, recirculation wall 25 is generally
parallel to and at a distance from end wall 24 and sur-
rounds nozzle 26. As a result, partial combustion prod-
ucts are recirculated from the downstream end of the
primary combustion zone through the annulus disposed
between nozzle 26 and recirculation wall 25 as indicated
by arrow 44 as well as the space 40 disposed between
recirculation wall 25 and end wall 24/furnace wall 12 as
indicated by arrow 43. To enable the mixture of fuel and
primary combustion air to flow from plenum 29 into the
primary combustion zone, recirculation wall 25 forms
openings 46. Thus, the mixture flows from plenum 29
through openings 37 and nozzles 42 disposed therein
through openings 46 and into the primary combustion
Zone.

In accordance with yet another embodiment of this
invention, recirculation wall 25 is cooled preferably by
a coolant circulated through recirculation wall 25 by
way of coolant inlet 41 and coolant outlet 45. The pre-
ferred coolant in accordance with this embodiment of
the mmvention is water. In accordance with another
embodiment of this invention as shown in FIG. 2, recir-
culation wall 25 is in the form of a cooling coil through
which a coolant can be circulated. In accordance with
yet another embodiment of this invention as shown in
FI1G. 1, combustion chamber side wall 19 is in the form
of a cooling coil through which a coolant is circulated.
In accordance with still another embodiment of this

invention as shown in FIG. 4, secondary air nozzle 26 is

in the form of a cooling coil through which a coolant is
circulated. In each embodiment employing coolant
circulation through cooling coils, said coolant can be
used for removing heat from the primary combustion
Zone.

The following table shows the results of operation of
the process and apparatus of this invention with respect
to emissions generated:

TABLE

Test #1 Test #2
Firing Rate, Btu/hr 4 X 109 6 X 10°
Primary Air Flow, SCF/hr 28,200 42,600
Secondary Air Flow, SCF/hr 16,400 26,110
Excess Air, % 12.1 16.4
Stoichiometric Ratio - 0.74 0.75
Primary Combustion Zone
Total Heat Removal from 13.8 13.5
Primary Combustion zone, %
NO,, vppm at 3% O- 12.6 18.1
CO, vppm at 3% O, 72.0 11.2
O2, % 2.5 3.2

While in the foregoing specification this invention has
been described in relation to certain preferred embodi-
ments thereof, and many details have been set forth for
purpose of illustration, it will be apparent to those
skilled in the art that the invention is susceptible to
additional embodiments and that certain of the details
described herein can be varied considerably without
departing from the basic principles of the invention.

We claim:

1. A method for two-stage combustion comprising
the steps of:

burning a mixture of fuel and primary combustion air

In a primary combustion zone, said primary com-
bustion air comprising less than a stoichiometric
requirement for complete combustion of said fuel,
forming partial combustion products;
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removing a first portion of heat from said primary
combustion zone, cooling said partial combustion
products;

recirculating a portion of said cooled partial combus-

tion products from a downstream end of said pri-
mary combustion zone to an upstream end of said
primary combustion zone;

introducing secondary combustion air into a second-

ary combustion zone downstream of said primary
combustion zone, completing combustion of said
partial combustion products; and

removing a second portion of heat from said second-

ary combustion zone.

2. A method in accordance with claim 1, wherein said
fuel is natural gas. _

3. A method in accordance with claim 1, wherein the
amount of said secondary combustion air is less than the
amount of said primary combustion air.

4. A method in accordance with claim 1, wherein a
diluent selected from the group consisting of recircu-
lated flue gases, steam, water, nitrogen and mixtures
thereof is introduced into at least one of said primary
combustion zone and said secondary combustion zone.

5. A method in accordance with claim 1, wherein at
least a portion of said mixture of fuel and primary com-
bustion air is catalytically combusted in said primary
combustion zone.

6. In a process for two-stage combustion in which a
mixture of fuel and primary combustion air is burned in
a primary combustion zone, said primary combustion
air comprising less than a stoichiometric requirement
for complete combustion of said fuel, a portion of
cooled partial combustion products formed in said pri-
mary combustion zone is recirculated from a down-
stream end of said primary combustion zone to an up-
stream end of said primary combustion zone, and sec-
ondary combustion air is introduced into a secondary
combustion zone downstream of said primary combus-
tion zone, the improvement comprising:

removing a portion of heat from said primary com-

bustion zone, cooling said partial combustion prod-
ucts; and |

transporting said heat away from said combustion

process.

7. A process in accordance with claim 6, wherein said
fuel is natural gas.

8. A process in accordance with claim 6, wherein the
amount of said secondary combustion air is less than the
amount of said primary combustion air.

9. A process in accordance with claim 6, wherein a
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diluent selected from the group consisting of recircu-

lated flue gases, steam, water, nitrogen and mixtures
thereof is introduced into at least one of said primary
combustion zone and said secondary combustion zone.

10. A process in accordance with claim 6, wherein at

least a portion of said mixture of fuel and primary com-
bustion air is catalytically combusted in said primary
combustion zone.

11. An apparatus for two-stage combustion compris-

ing:

a combustion chamber side wall connected to a com-
bustion chamber end wall, said combustion cham-
ber walls enclosing a combustion chamber, said
combustion chamber having a primary combustion
zone and a secondary combustion zone, said sec-
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ondary combustion zone disposed downstream of
said primary combustion zone;

means for introducing a fuel and primary combustion

air into said primary combustion zone;

means for removing a first portion of heat from said

primary combustion zone;
recirculation means for recirculating a portion of
partial combustion products from a downstream
end of said primary combustion zone to an up-
stream end of said primary combustion zone:

means for introducing secondary combustion air into
sald secondary combustion zone; and

means for removing a second portion of heat from

said secondary combustion zone.

12. An apparatus in accordance with claim 11,
wherein said means for introducing said fuel and said
primary combustion air into said primary combustion
zone comprise means for introducing a mixture of said
fuel and said primary combustion air into said primary
combustion zone.

13. An apparatus in accordance with claim 11,
wheremn said means for introducing said secondary
combustion air into said secondary combustion zone
comprises a nozzle extending through said combustion
chamber end wall and into said secondary combustion
zone, said combustion chamber end wall disposed at an
upstream end of said primary combustion zone.

14. An apparatus in accordance with claim 13,
wherein said recirculation means comprises said nozzle
and a recirculation wall disposed in said primary com-
bustion zone at a distance from said combustion cham-
ber end wall and said combustion chamber side wall and
surrounding said nozzle at a distance from said nozzle,
forming an annulus between said recirculation wall and
said nozzle.

15. An apparatus in accordance with claim 11,
wherein said recirculation means comprises a recircula-
tion wall disposed in said primary combustion zone at a
distance from said combustion chamber side wall and

said combustion chamber end wall, forming an annulus

between said recirculation wall and said combustion
chamber side wall.

16. An apparatus in accordance with claim 15,
wherein said means for introducing said fuel and pri-
mary combustion air into said primary combustion zone
comprises a nozzle secured to said combustion chamber
end wall and extending through said combustion cham-
ber end wall into said primary combustion zone.

17. An apparatus in accordance with claim 14 further
comprising means for cooling said recirculation wall.

18. An apparatus in accordance with claim 15 further
comprising means for cooling said recirculation wall.

19. An apparatus in accordance with claim 17,
wherein said means for cooling said recirculation wall
comprises means for circulating a coolant within at least
a portion of said recirculation wall.

20. An apparatus in accordance with claim 11 further
comprising means for stabilizing a flame in said primary
combustion zone.

21. An apparatus in accordance with claim 20,
wherein said means for stabilizing a flame in said pri-
mary combustion zone comprises a combustion catalyst

disposed within said primary combustion zone.
x * * :
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